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4.  Statement  of  the  Problem  Studied 

The  development  of  olefin  polymerization  catalysts  has  had  a  profound  influence  on  the 
world  providing  synthetic  alternatives  to  traditional  materials  such  as  wood,  steel,  and  glass. 
According  to  the  American  Chemistry  Council,  the  U.S.  production  of  polyethylene  (PE)  and 
polypropylene  (PP)  topped  53  billion  pounds  in  2011.'  This  extreme  demand  has  ensured  that 
olefin  polymerization  techniques  and  catalysts  are  continually  evolving  in  the  search  for  the  next 
exceptional  catalytic  system. 

Prior  to  the  1980’s,  olefin  polymerization  catalysts  were  heterogeneous  mixtures  of  ill- 
defined  structure  having  multiple  active  sites,  each  exhibiting  different  rates  and  selectivities.2 
The  introduction  of  well-defined,  homogeneous,  single-site  olefin  polymerization  catalysts  has 
since  opened  new  opportunities  for  understanding,  controlling,  and  improving  the  synthesis  of 
polyolefins.  Group  4  metallocene-based  catalysts  dominated  this  area  of  research  until  the  1990’s 
when  non-metallocene  catalysts  were  introduced  based  upon  early  and  late  transition  metals.3 
Unfortunately,  the  usefulness  of  these  “post-metallocene”  catalysts  are  often  limited  by  various 
restrictions  including  functional  group  tolerance,  uncontrolled/“non-living”  behavior,  and  in  the 
case  of  many  group  10  catalysts,  low  activities  and  uncontrolled  “chain-walking”.4"’  In  light  of 
these  limitations,  we  believe  that  the  ability  to  modulate  the  electronic  nature  of  a  catalyst 
through  the  reduction  or  oxidation  of  an  incorporated  redox-active  functionality  may  provide  an 
attractive  means  of  overcoming  the  problems  associated  with  these  post-metallocene  catalysts. 

The  concept  of  redox-switchable  catalysis  (RSC)  is  a  groundbreaking  new  area  of  research 
that  promises  to  be  a  transformative  tool  in  the  field  of  olefin  polymerization.6  The  capability  to 
modulate  catalytic  behavior  via  simple  changes  in  oxidation  state  will  bring  unseen  opportunities 
for  catalyst  control  to  the  most  widely  used  polymerization  methodology  in  the  world.  To 
accomplish  this,  we  sought  to  design  and  synthesize  olefin  polymerization  catalysts  containing 
redox-active  moieties  that  may  be  tuned  in  situ  via  electrochemical  or  chemical  oxidation  and 
reduction  (Figure  1).  The  redox  capable  functionalities  were  incorporated  into  specifically 
chosen  ligand  frameworks  and  metallated  using  organometallic  reagents  so  as  to  produce 
precatalysts  that  could  be  activated  using  methylaluminoxane,  borane,  boronate -based  activators, 
or  in  certain  cases,  no  activator  at  all.  These  catalysts  may  provide  a  multitude  of  advantages, 
including  the  ability  to  modulate  activity  and  reactivity  in  situ. 


monomer  polymer  monomer  polymer 

Figure  1.  Overview  of  redox-switchable  single-site  olefin  polymerization  catalysts. 


5.  Summary  of  Most  Important  Results 

Initial  investigations  focused  on  the  modification  and  synthesis  of  known  ligand  frameworks 
where  portions  of  the  original  ligand  were  replaced  with  redox  functionality  (Figure  2).  The  first 
choice  for  redox  functionality  was  to  incorporate  one  or  more  ferrocenyl  moieties.  Ferrocenyl 
derived  ligands  are  well  known  and  have  applications  ranging  from  materials7  to  ligands  for 
transition  metal  catalyzed  carbon-carbon  and  carbon-heteroatom  bond  forming  reactions.  ’  Their 
derivitization  has  been  extensively  studied,  and  perhaps  most  importantly,  ferrocene’s  redox 
behavior  is  well  understood  as  its  Fen/Fem  transition  is  easily  obtainable  electrochemically  or 
through  the  use  of  many  well-known  chemical  oxidants  or  reductants.10  Though  ferrocene  is  an 
ideal  target,  our  studies  of  Ni-  and  Pd-based  catalysts  hint  that  simpler  ligands  may  also  be 
appropriate  to  achieve  redox-switching,  which  will  be  described  in  later  sections  of  this  report. 


Figure  2.  Targeted  redox-switchable  catalyst  frameworks  containing  ferrocenyl  moieties  where 
M  =  Ti,  Zr,  or  Hf,  Ad  =  adamantly,  Bn  =  benzyl,  and  Anth  =  anthracenyl  group. 

Catalyst  framework  1  is  a  modified  version  of  a  tetradentate  [ONNO]  group  4  catalyst 
originally  developed  by  Kol11  and  then  later  modified  by  Busico.12  Though  this  system  can 

1  T 

produce  polymers  with  narrow  molecular  weight  distributions  (PDFs),  its  propagation  rates  are 
often  extremely  slow  when  compared  to  metallocene -based  polymerization  catalysts,  making  it 
an  attractive  target  for  redox  reactivity  studies.  Likewise,  catalyst  2  is  unique  from  1  and  3  in  that 
it  falls  into  a  class  of  so-called  “neutral  nickel”  catalysts.  These  catalysts  were  originally 
developed  by  Grubbs14  around  the  turn  of  the  century  and  drew  significant  attention,  as  they 
were  found  to  propagate  through  a  neutral  Ni11  center  rather  than  a  traditional  cationic  metal 
center  and  without  the  need  for  an  added  activator. 15  This  unique  ability  to  polymerize  a-olefins 
without  an  activator  will  avoid  any  activator  associated  redox  issues  that  could  potentially  arise. 
Their  utility  however,  is  drastically  limited  as  they  do  not  readily  polymerize  higher  a-olefins 
and  only  polymerize  ethylene  at  high-pressures,  albeit  somewhat  slowly.  This  decreased 


reactivity  is  presumably  due  to  the  further  decreased  electrophilic  nature  of  the  neutral 
salicylaldiminato  ligated  Ni11  center.  Lastly,  a  final  area  of  olefin  polymerization  research  that 
could  benefit  from  redox-tunable  ligands  is  the  use  of  cationic,  late  transition  metal  based 
catalysts  similar  to  complex  3.  Brookhart  pioneered  this  area  with  the  introduction  of  Ni  and  Pd 
diimine  catalysts  in  the  late  1990’s,1 6  opening  up  new  possibilities  for  topological  control  during 
polymerizations.17  These  systems  are  more  tolerant  towards  functional  groups  and  contaminants 
present  in  solvents  and  monomers;  however,  their  activities  are  typically  lower  than  metallocene- 
based  catalysts,  which  can  be  attributed  to  the  decreased  electrophilicity  of  the  metal  centers.4 

5a.  Group  IV  Catalysts: 

While  catalyst  1  represents  our  ideal  target,  initial  work  for  the  development  of  this  ligand 
scaffold  was  conducted  using  the  commercially  available  'butyl  substituted  salicylaldehyde  to 
produce  ligand  9  as  outlined  in  Scheme  1 .  Our  synthetic  approach  began  with  the  derivitization 
of  ferrocene  via  dibromination  that  was  followed  by  copper  catalyzed  substitution  using  sodium 
azide.  The  azide  moieties  were  reduced  using  standard  hydrogenation  conditions  with  hydrogen 
and  palladium  on  carbon.  Though  the  synthesis  of  l,l’-diaminoferrocene  has  previously  been 

IS 

reported  in  the  literature,  we  found  that  in  our  laboratory,  significant  modifications  were 
needed  in  order  to  produce  useful  amounts  of  diamine  6.  Condensation  of  this  diamine  onto  two 
equivalents  of  3, 5-di-'butyl  salicylaldehyde  furnished  salen-like  ligand  7. 19  The  seemingly 
straight  forward  reduction  of  diimine  7  proved  unusually  difficult  under  typical  conditions, 
although  a  stepwise  procedure  utilizing  formic  acid  and  sodium  cyanoborohydride  would  yield 
air-sensitive  compound  8  in  good  yields.  Methylation  was  complicated  by  aminal  formation 
between  the  amine  and  phenolic  positions  leading  us  to  utilize  a  two-step  procedure  in  which  the 
amines  were  treated  with  methylchloro formate  before  being  fully  reduced  with  lithium 
aluminum  hydride  to  yield  target  ligand  9. 

Scheme  1.  Synthesis  of  the  redox-active  ligand  9. 


OH  O 
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In  addition  to  compound  9,  we  felt  that  a  derivative  in  which  the  ferrocenyl  moiety  was 
moved  to  the  phenolic  portion  of  the  ligand  might  also  be  useful.  Therefore,  ligand  16  was 
targeted  (Scheme  2)  beginning  with  the  formation  of  ethynylferrocene  10. 20  This  alkyne  was  then 
coupled  onto  iodo-compound  11  via  standard  Sonogashira  cross-coupling  conditions  to  yield 
salicylaldehyde  12  before  being  condensed  onto  ethylene  diamine  to  yield  salen-ligand  13.21 


synthesized  via  iodination  of  2,6-diisopropylaniline  followed  by  a  similar  Sonogashira  cross¬ 
coupling  reaction.  To  our  surprise,  we  have  found  that  the  condensation  reactions  to  produce 
ligands  19  or  22  lead  to  complex  product  mixtures  and  alternative  routes  to  these 
salicylaldimines  are  currently  being  investigated. 


Scheme  4.  Synthesis  of  neutral  nickel  ligands  19  and  22. 


5c.  Nickel  and  Palladium  Cationic  Catalysts: 

To  compliment  aniline  21  (Scheme  4),  aniline  24  was  synthesized  where  the  ethynyl  moiety 
was  removed.  This  was  accomplished  via  a  Negishi  cross-coupling  between  iodoaniline  20  and 
zinc  compound  23  that  was  generated  in  situ.  With  these  in  hand,  the  condensation  of  those 
anilines  with  glyoxal  and  1,2-diones  such  as  acenaphthenequinone  was  examined  (Scheme  5).  As 
expected,  the  condensation  with  glyoxal  proceeded  smoothly  to  yield  ligands  25  and  26,  but 
unexpectedly,  the  condensation  with  acenaphthenequinone  lead  to  complex  product  mixtures  that 
were  paramagnetic  via  'ft  NMR  spectroscopy  (Scheme  6).  We  believe  that  this  is  due  to  electron 
transfer  from  the  ferrocenyl  moieties  to  the  easily  reduced  acenaphthenequinone,  creating  a 
quinone -based  radical  anion  that  ultimately  prevents  any  condensation  reactions. 

Scheme  5.  Synthesis  of  redox-active  ligands  25  and  26. 


Scheme  6.  Attempted  synthesis  of  redox-active  ligands  27  and  28. 


Inspired  by  our  inability  to  produce  ligands  27  and  28,  we  decided  to  further  investigate  the 
redox  behavior  of  simpler,  acenaphthenequinone  based  catalysts,  such  as  those  originally 
reported  by  Brookhart  and  coworkers.16  Ligand  29  was  synthesized  via  condensation  of  2,6- 
diisopropylaniline  with  acenaphthenequinone  and  metallated  using  nickel(II)  bromide 
dimethoxyethane  adduct  or  chloromethyl(l,5-cyclooctadiene)palladium(II)  to  yield  catalysts  30 
and  31  respectively  (Scheme  7). 16  Nickel  complex  30  is  the  subject  of  our  completed  redox 
studies  and  polymerization  studies  in  the  following  sections. 

Scheme  7.  Synthesis  of  Brookhart  catalysts  30  and  31. 


5d.  Redox  Behavior: 

Though  the  redox  behaviors  of  metal  complexes  with  ligand  29  have  been  studied  in  the 
literature,  most  of  those  reports  have  been  based  on  palladium  dihalide  species  rather  than  Ni- 
based  complex  30  or  alkylated  Pd  species  31.  Cyclic  voltammetry  (CV)  was  utilized  to 
examine  the  redox  behavior  of  complex  30.  Those  experiments  demonstrated  that  a  quasi- 
reversible  reduction  occurred  at  approximately  -0.8  V  relative  to  a  ferrocene  standard  (see  Figure 
3).  Subsequent  CV  experiments  strongly  support  the  hypothesis  that  the  irregular  electrochemical 
behavior  seen  between  -1.4  V  to  -2  V  and  also  the  area  between  1.4  V  to  -0.6  V  is  consistent 
with  electrochemical-chemical-electrochemical  (ECE)  events  that  do  not  correspond  to  the 
desired  oxidation/reduction  at£j/2  =  -0.8  V.  With  this  information  in  hand,  we  were  able  to  select 
appropriate  oxidants  and  reductants  from  a  broad  spectrum  of  known  reagents  with  initial  focus 
being  directed  toward  the  use  of  cobaltacene  as  a  reductant  and  Ag(B(C6F5)4)  as  an  oxidant.10 


Figure  3.  Cyclic  voltammagram  of  Ni-based  complex  30.  CV’s  were  ran  in  DCM  with 
tetrabutylammonium  hexafluorophosphate  electrolyte  and  referenced  to  a  ferrocene  standard. 

In  addition  to  understanding  the  electrochemical  behavior  of  these  complexes,  understanding 
the  structure  of  the  reduced  catalyst  will  be  of  utmost  importance  to  interpreting  any  observed 
behavior.  At  this  point,  we  believe  that  a  ligand  based  radical  anion  is  obtained  as  is  depicted  in 
Scheme  8.  Though  we  do  not  have  sufficient  evidence  of  this  hypothesis  at  this  time,  it  is 
supported  by  literature  reports,22  and  we  are  actively  investigating  the  species  generated  upon 
reduction  of  complex  30  with  cobaltacene  via  electron  paramagnetic  resonance  (EPR),  single 
crystal  X-ray  spectroscopy,  and  various  other  techniques. 

Scheme  8.  Proposed  reduction  of  Ni  complex  30  to  ligand-based  radical  anion  32. 


5e.  Polymerization  and  Differentiation  of  Reduced  and  Oxidized  Catalysts: 

Both  catalysts  30  and  32  were  screened  for  polymerization  activity  using  1 -hexene  as  the 
monomer.  1 -Hexene  is  an  ideal  starting  monomer  as  it  is  a  liquid  at  room  temperature  facilitating 
rapid  screening  and  data  collection  without  the  need  for  cumbersome,  high  pressure 
polymerization  reactors.  Due  to  the  dihalide  nature  of  catalyst  30,  these  polymerizations  were 
activated  using  methylaluminoxane  though  plans  to  eliminate  the  need  for  this  problematic 
activator  are  in  place  for  future  cationic  Ni-  and  Pd-based  catalyst  architectures. 

To  our  delight,  oxidized  catalyst  30  and  reduced  catalyst  32  were  easily  distinguishable  via 
simple  kinetic  studies  such  as  the  one  shown  in  Figure  4.  Though  this  data  was  recently  obtained 
and  several  control  experiments  remain  to  be  run,  analysis  of  this  data  clearly  shows  that  the 
oxidized  catalyst  30  consumes  1 -hexene  and  a  much  greater  rate,  t\a  =  26  ±  6  min.,  than  that  of 
the  reduced  catalyst  32,  which  has  a  =  247  ±  52  min.  Encouraged  by  these  results,  we  remain 
careful  to  assign  this  differentiation  to  catalyst  redox  state  without  careful  examination  of  the 
polymeric  materials  produced  and  concrete  knowledge  of  the  structure  of  reduced  species  32. 


Such  investigations  are  currently  being  perfonned  and  will  provide  considerable  insight  into  our 
operating  hypothesis. 


catalyst  30  (o)  and  reduced  catalyst  32  (A). 

5f  Conclusions: 

A  set  of  group  4  and  group  10  single-site  olefin  polymerization  catalysts  containing  redox- 
active  moieties  were  synthesized.  Their  use  as  redox-switchable  olefin  polymerization  catalysts 
is  actively  being  pursued  in  an  effort  to  determine  how  oxidation  state  and  catalyst  structure 
affect  polymerization  perfonnance.  Currently,  much  of  our  work  has  centered  on  the  use  of 
catalysts  30  and  31  based  on  acenaphthenequinone-derived  ligands  to  facilitate  this  study.  Those 
catalysts  were  evaluated  via  CV,  demonstrating  a  quasireversible  redox  transition  at  an  easily 
achievable  -0.8  V  relative  to  ferrocene  standards.  Furthennore,  we  have  begun  polymerization 
studies  with  those  catalysts  to  ascertain  differentiation  between  oxidized  catalyst  30  and  its 
reduced  analogue  32.  Initial  results  have  been  extremely  promising  showing  marked  differences 
in  1 -hexene  polymerization  when  monitoring  percent  conversion  versus  time.  The  results  show 
that  the  oxidized  catalyst  consumes  1 -hexene  significantly  faster  than  catalyst  32.  With  this  said, 
we  are  cautious  to  assign  the  observed  activity  behavior  solely  to  changes  in  ligand  oxidation 
state  until  further  control  experiments  are  performed. 

In  sum,  the  ability  to  tune  a  redox-active  catalyst  may  open  new  avenues  to  increased  catalyst 
activity  as  well  as  block  copolymer  synthesis  with  improved  physical  properties  relative  to 
currently  available  polymers.  The  materials  produced  may  ultimately  lead  to  new  high 
performance  adhesives,  elastomers,  binders,  thermoplastic  elastomers,  rheology  modifiers, 
permeation  selective  membranes,  and  high  strength,  light-weight  structural  materials  for 
numerous  applications.' 
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